The ZNF219 gene is a member of the Kruppel-like zinc finger gene family that is involved in a diverse range of biological processes. The ZNF219 gene encodes a 77-kDa nuclear protein containing nine sets of C 2 H 2 zinc finger structures. By using a random oligonucleotide selection assay and the electromobility gel shift assay, we have revealed that the ZNF219 protein recognizes two copies of CCCCCA. The DNA binding core element is CCCCC. 3 flanking A residues enhance binding of the ZNF219 protein. Use of the various truncated ZNF219 constructs demonstrated that zinc finger 1 to 3 or zinc finger 5 and 6 domains are sufficient to allow specific DNA binding. Both domains independently recognized the same consensus sequence, CCCCCA. Proteins expressed from human cDNA clones KIAA0390 and KIAA0222, which have partial similarities to ZNF219, also showed specific binding to the same core DNA sequence. Potential ZNF219 binding sites were found in the HMGN1 promoter. To examine the function of ZNF219 in the modulation of transcription, we constructed Gal4 DNA binding domain (DBD)/ZNF219 fusion proteins and demonstrated that ZNF219 functioned as a transcriptional repressor for the HMGN1 promoter. Experiments with the truncated ZNF219 constructs suggest that the proline-rich sequence (226-272 a.a., proline content 49%) was responsible for part of the observed repression. These findings provide us with an important start point in our understanding of the functional role of ZNF219 in vivo.
Introduction
The ZNF219 gene is a member of the Kruppel-like zinc finger gene family that is involved in a diverse range of biological processes, such as cell growth, differentiation, embryogenesis and tumorigenesis. 1 We initially isolated the human ZNF219 gene and determined its expression pattern in various tissues. The ZNF219 gene exhibited ubiquitous expression in all fetal and adult tissues examined. The size of the ZNF219 transcript was 5.5 kb in adult tissues, while the predominant transcript size at the embryo stage was 3.5 kb. The transcript size appears to be developmentally regulated. Although the open reading frame of both transcripts was identical, the 5 untranslated regions of these transcripts were different. 2 The expression of a green fluorescent protein (GFP)-tagged ZNF219 in HeLa and COS-7 cells demonstrated that ZNF219 is a nuclear protein.
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ZNF219 is a 77-kDa protein containing nine sets of
Communicated by Osamu Ohara * To whom correspondence should be addressed. Tel. +81-426-91-9327, Fax. +81-426-91-9312, E-mail: sakai@t.soka.ac.jp C 2 H 2 zinc finger structures. Each finger motif conforms closely to the Kruppel consensus zinc finger repeat sequence CX 2 CX 3 FX 5 LX 2 HX 3 H and is connected by a highly conserved H/C linker (TGEKPYK), 5 strongly suggesting a role in DNA binding. A characteristic three-dimensional structure of a C 2 H 2 zinc finger consists of two antiparallel β-strands followed by an α-helix. 6 This structure can recognize a 3-nucleotide sequence contained on either one or both strands in the major groove of the DNA helix. 7 Most zinc finger transcription factors contain multiple tandem repeats of the fingers. In the case of several zinc finger proteins, not all of the zinc finger domains contribute equally to DNA recognition. The ZNF219 protein has a total of 14.4% proline residues and two proline-rich regions. Database analysis has shown that many proteins containing proline-rich regions are transcription factors. 8 In many transcription factors, proline-rich sequences are known to be characteristic of activation or repression motifs.
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As described above, the predicted ZNF219 molecular structure and subcellular localization suggest that ZNF219 is a sequence-specific DNA binding protein Function Analysis of ZNF219 [Vol. 10, which functions as a transcriptional regulator. To understand the function of ZNF219 as a transcriptional regulator, it is crucial to identify the downstream target genes it may regulate. To this aim, we used a random oligonucleotide binding-selection strategy to determine the consensus sequence that is recognized by the zinc finger motifs of ZNF219. Electromobility gel shift assays were used to analyze binding affinity and to identify nucleotides in the consensus site that are important for ZNF219 binding. Furthermore, we investigated the transcriptional function of ZNF219 using the promoter of the potential target gene, HMGN1, which contains a ZNF219 binding site in the promoter region. The HMGN1 proteins (high mobility group nucleosomal binding protein 1, formerly named HMG-14, 23 ) are known to reduce the compaction of chromatin fibers and enhance transcription from chromatin. 24, 25 As a result, we demonstrated that ZNF219 recognizes the novel DNA binding core sequence CCCCC, and can repress the expression of the HMGN1 gene.
Materials and Methods
Expression and purification of full-length and trun-
cated DNA clones and proteins The full-length human ZNF219 clone and the various ZNF219 deletion recombinant clones (containing only some of the zinc finger domains) were generated by PCR with Pyrobest DNA polymerase (TaKaRa) using previously isolated ZNF219 cDNA as a template. 2 The primers used to amplify each DNA fragment were available upon request. All reverse primers contain a sequence encoding six histidine residues. These PCR products were digested with BamHI and EcoRI and then cloned into the pGEX-6p-1 vector (Amersham Biosciences). All clones were confirmed by DNA sequencing.
The plasmids were transformed into Escherichia coli BL21-Codon plus (DE3)-RP (Stratagene). The E. coli cells were grown to log phase and induced with 1 mM isopropyl-beta-d-thiogalactopyranoside (IPTG; TaKaRa). After 16 hr of growth at 20
• C, the bacteria were centrifuged and resuspended in TA buffer (25 mM HEPES-KOH, pH 7.5, 500 mM KCl, 10% glycerol, 10 mM imidazole, 10 mM ZnCl 2 , 1 mM mercaptoethanol, 0.1% NP-40). The bacteria were lysed by sonication and the supernatant was recovered by centrifugation. Protein purification was performed using both the N-terminal GST protein and the C-terminal His tag. Firstly, protein was purified using TALON Metal Affinity Resin (Clontech). The binding proteins were eluted with TA buffer containing 500 mM imidazole. Secondly, the eluted proteins were added to GS buffer (25 mM HEPES-KOH, pH 7.5, 150 mM KCl, 10% glycerol, 10 mM ZnCl 2 , 5 mM DTT, 0.1% NP-40) and purified using glutathione Sepharose 4B (Amersham Biosciences). Following elution of the fusion proteins, the pelleted beads were washed with GS buffer containing 20 mM reduced glutathione (SIGMA). The purity of the proteins was assayed by Coomassie brilliant blue staining of SDS-polyacrylamide gels.
Human cDNA clones KIAA0390 and KIAA0220 were obtained from the Kazusa DNA Research Institute. KIAA0390 cDNA containing zinc fingers 1 to 6 (1-400 a.a.) was generated by PCR using the primers 5 -TGTGGATCCATGGAAGAAGCGAGCCTGTGC-3 and 5 -TAGAATTCCTAGTGGTGGTGGTGGTGGT-GCGACAGCTTGTTGAGGTGGACCTT-3 . Human KIAA0390 cDNA containing zinc fingers 1 to 6 (1-335 a.a.) was generated by PCR using the primers 5 -ATCGGATCCATGGATCGCAACAGAGAGGCC-3 and 5 -TAGAATTCCTAGTGGTGGTGGTGGTGGT-GCTCGTAGAGGCTCAGGCCG-3 .
Random oligonucleotide selection assay
A library of single-stranded oligonucleotides containing the sequences 5 -GACTCTAGACTCCTAGGAT-GCGCA (N) 18 CGTCTATGTCAGTGAAGCTTCGAT-3 was generated. The invariable 5 -and 3 -flanking sequences contained Xba I and HindIII restriction sites. Four hundred picomoles of the oligonucleotides was incubated in 100 µl of polymerase reaction buffer containing 1200 pmol of reverse primer (5 -ATCGAAGCTTCACTGACATAGACG-3 ), 200 µM of each deoxynucleoside triphosphate, and 10 units of Ex Taq polymerase (TaKaRa) and treated as follows: 5 min at 95
• C, 20 min at 65
• C, and 20 min at 72
• C. The double-stranded oligonucleotides were purified using the QIAquick Nucleotide Removal kit (Qiagen).
The mixture of double-stranded DNA fragments containing 18-bp random sequences was incubated with ZNF219 protein bound to glutathione beads in binding buffer.
The binding buffer contained 25 mM HEPES-KOH, pH 7.5, 100 mM KCl, 5 mM DTT, 5% glycerol, 1 mM MgCl 2 , 100 µM ZnCl 2 , 0.1% NP-40, 100 µg/ml poly (dI-dC) and 1 mg/ml BSA. After a 30-min rotating incubation at room temperature, the beads were washed eight times with cold binding buffer without poly (dI-dC) and then boiled for 5 min in sterilized H 2 O. The eluted oligonucleotides were used for PCR amplification. The amplified products were subsequently used for a second round of selection. After six rounds of selection-amplification, PCR products were digested with Xba I and HindIII and cloned into pBluescript (Stratagene). After transformation of DH5α competent host cells, the insert within individual clones was sequenced.
Electromobility gel shift assay
Double-stranded DNA for use as a probe or competitor was prepared by annealing equal molar amounts of
complementary oligonucleotides. The probe was radiolabeled with [γ-32 P]ATP using T4 polynucleotide kinase (TaKaRa). Protein was mixed with appropriate concentrations of the probe in a 20-µl binding reaction mixture and incubated at room temperature for 20 min. Competitor DNA was preincubated with protein at room temperature for 20 min prior to the addition of radiolabeled probe. The binding reaction mixture contained 25 mM HEPES-KOH, pH 7.5, 70 mM KCl, 5 mM DTT, 10% glycerol, 20 µM MgCl 2 , 20 µM ZnCl 2 , 0.1% NP-40, 0.1 mg/ml poly (dI-dC). The mixture was subjected to electrophoresis on a 5% polyacrylamide gel (acrylamide/bisacrylamide, ratio 29:1) in 0.5 × Tris-borate-EDTA (TBE) at 4
• C. The autoradiogram of the gel was obtained using a BAS2000 phosphoimager (FUJI FILM).
In vitro translation
The PROTEIOS cell-free protein synthesis kit (TOYOBO) was used for the wheat germ cell-free translation. Full length ZNF219-His cDNA was generated by PCR. The primers used were 5 -ATCACT-CGAGATGGAGGGCTCACGTCC-3 and 5 -ATGGG-ATCCTAGTGGTGGTGGTGGTGGTGCCGTTCTT-GCCCCCCCAG-3 . The PCR product was digested with BamHI and Xho I and then subcloned into the pEU3-NII vector (TOYOBO).
The GST tag sequence was generated by PCR using the pGEX-6p-1 vector (Amersham Biosciences) as a template. The primers used were 5 -ATCGATATCACCATGGCCCC-TATACTAGGTTATTGGAAAATTAA-3 and 5 -TAG-TCTCGAGCAGGGGCCCCTGGAACAGAACTTC-3 . The PCR product was digested with EcoRV and Xho I and then subcloned into the pEU3-NII vector (TOYOBO) which already contained the cloned full-length ZNF219-His cDNA. The GST-ZNF219-His mRNA was synthesized using the T7 polymerase promoter present within the pEU3-NII vector. The mRNA was added to the reaction mixture containing the wheat germ extract according to the manufacturer's protocol and was incubated at 26
• C for 16 hr. After synthesis, ZnCl 2 was added to a final concentration of 100 µM. The purification was performed using both the N-terminal GST protein and the C-terminal His tag. The quality of translation was assessed by SDS gel analysis.
Plasmid construction for expression of full-length
and truncated ZNF219 proteins To identify the nuclear localization signal of ZNF219, full-length ZNF219 cDNA or the various truncated fragments of ZNF219 were generated by PCR with Pyrobest DNA polymerase (TaKaRa) (using previously isolated ZNF219 cDNA as a template 2 ) and subcloned into the EcoRI/BamHI site of pcDNA3. The primers used to amplify each DNA fragment were available upon request. To analyze the function of the ZNF219 protein as a transcriptional repressor, full-length human ZNF219 cDNA was generated by PCR with Pyrobest DNA polymerase (TaKaRa). The primers used were 5 -CGCGGATCCGCCACCATGGACTACAAAGACG-ATGACGACAAGATGGAGGGCTCACGTCCCCG-3 containing the FLAG-tag sequence and 5 -AGTCT-CGAGCTACCGTTCTTGCCCCCCCAG-3 . The PCR product was digested with BamHI and Xho I and then cloned into pcDNA3 (Invitrogen) in which expression is driven by the cytomegalovirus promoter. The various GAL4-ZNF219 chimeric constructs were made by fusing ZNF219 cDNA fragments in-frame to the C-terminal end of the GAL4 DNA binding domain (DBD, amino acids 1-147) cDNA. GAL4 DBD cDNA was generated by PCR using the pDBLeu vector (Invitrogen) as a template and cloned into the HindIII/BamHI site of pcDNA3. The primers used were 5 -CGCAAGCTT-GCCACCATGGACTACAAAGACGATGACGACAAG-ATGAAGCTACTGTCTTCTATC-3 containing the FLAG-tag sequence and 5 -GTAGGATCCCGACC-TCGACGATACAGT-3 . The various ZNF219 cDNA fragments were generated by PCR using the appropriate primer sets (PCR primer sequences available upon request) and subcloned into the multiple cloning site of pcDNA3. All constructs were confirmed by DNA sequencing.
The PCR product containing five tandem copies of the 17-bp Gal4 DNA-binding site was constructed using the pFR-Luc Reporter Plasmid (Stratagene) as a template. The primers used were 5 -TTGAGGTACCC-AAGCTTGCATGCCTGCA-3 and 5 -ACATGGTACC-GAATTCATCCATTATATACCCTCTAGAGTCTCCG-3 . The PCR product was cloned into the Kpn I site of the pGLB3 plasmid.
Western blot analysis
The level of expression of ZNF219 and GAL4-ZNF219 chimeric proteins was confirmed by immunoblotting. Two hundred and ninety three transfected cells were washed with phosphate-buffered saline (PBS) and subsequently resuspended in buffer (10 mM Tris/HCl, pH 8.0, 420 mM KCl, 1 mM EDTA). The cells were freeze-thawed five times, then the lysed proteins were separated on an SDS-polyacrylamide gel and transferred to a Hybond-P membrane (Amersham Bioscience). The membrane was blocked with 1% gelatin for 1 hr then incubated with ANTI-FLAG M2 Monoclonal Antibody (SIGMA). Further incubations were carried out, firstly with Goat Anti-Mouse IgG (H+L), and subsequently with AP Conjugate (Promega). The proteins were detected using the BCIP/NBT Color Development Substrate (Promega).
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Transfection and luciferase assay
Two hundred and ninety three cells (human embryonic kidney cells) were purchased from the Japanese Collection of Research Bioresources (JCRB) and cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum at 37
• C in 5% CO 2 . When the cells had grown to approximately 70% confluence in a 24-well plate, 100 ng of the expression vector DNA, 100 ng of reporter plasmid, and 1 ng of the internal control, Renilla Luciferase-SV40 (pRL-SV40) vector, were transiently cotransfected using Effectene transfection reagent (Qiagen) according to the manufacturer's protocol. All plasmid DNA was purified using a Mini-prep kit (Qiagen). The cells were harvested 30 hr after transfection and luciferase assays were performed using the Dual-Luciferase-Reporter Assay System (Promega). Transfected cells were washed twice with PBS and incubated in 100 µl of Passive Lysis Buffer for 15 min at room temperature. After brief centrifugation, 20 µl of cell extract was mixed with 100 µl of firefly luciferase assay reagent, and the fluorescence intensity was integrated for 10 sec using a Fluoro Scan accent FL (Life Science International). The resulting mixture was used in the Renilla luciferase assay. Variation in transfection efficiency was normalized by dividing the measurement for the firefly luciferase activity with that for the Renilla luciferase activity.
Results and Discussion
Selection and identification of binding sites for the
ZNF219 protein To determine the ZNF219 binding sequence, we used the random oligonucleotide binding selection strategy as described in Materials and Methods. The GST-ZNF219 fusion protein was immobilized on Glutathione-Sepharose beads and incubated with a pool of random 18-mer oligonucleotides flanked by PCR primer sequences. Following six rounds of binding selection, the pool of oligonucleotides was cloned and 92 independent clones were sequenced. About 70% of the individual clones contained five or more continuous C residues (Fig. 1A) . This data suggests that the DNA binding consensus sequence of the ZNF219 protein contains at least five continuous C residues.
Next, using the most abundant sequence identified, the A1 oligonucleotide, we performed an electromobility gel shift assay (EMSA) with various unlabeled competitor oligonucleotides to identify the region containing residues required for ZNF219 binding (Fig. 1B) . As a result, the oligonucleotides which were mutated in the GCCCCCCT sequence could not compete with the specific protein-probe complex and the shift band only became slightly more faint. However, the A1-R and A1-AA oligonucleotides, which were mutatedd in the sequence outside the GCCCCCCT motif, were able to compete and the shift band almost entirely disappeared. The results revealed that GCCCCCCT acts as the DNA binding core sequence for ZNF219. However the shift band produced using the A1 oligonucleotide as the competitor completely disappeared, while a faint shift band produced using the A1-R and A1-AA oligonucleotides as the competitor remained. The data revealed that the sequence outside the GCCCCCCT motif also contributes to DNA binding, but only slightly. Next, the number of continuous C residues required for ZNF219 binding was examined by EMSA. No ZNF219 binding occurred with four continuous C residues, whereas five continuous C residues produced substantial ZNF219 binding (Fig. 1C) . When we used A1-AllC oligonucleotides as a probe, ZNF219 formed an extra complex with slower mobility. This complex suggests that an interaction takes place between two full-length ZNF219 molecules.
Identification of the zinc finger motifs required
for ZNF219 binding and the preferred flanking sequence around CCCCC Structural analysis was performed to identify which zinc finger motifs of ZNF219 were responsible for the DNA binding specificity to the five continuous C residues. The various truncated ZNF219 proteins were expressed in E. coli by cloning the cDNA fragments containing various numbers of the nine zinc finger motifs into the expression vector (Fig. 2A) . Each of the GST-truncated ZNF219 proteins were purified and their presence and size was confirmed by SDS-polyacrylamide gel electrophoresis (Fig. 2B) . For each protein, the concentration was adjusted on the basis of the density of the band.
EMSA was performed using equal amounts of 50 ng protein and oligonucleotides containing four or five continuous C residues. Consequently, no truncated ZNF219 proteins were able to bind to the A1-4C oligonucleotides containing four continuous C residues (Fig. 2C) . However, the A1-5C oligonucleotides containing five continuous C residues were recognized by zinc fingers 1-6 in the first half portion of the ZNF219 protein (Fig. 2D) . The zinc finger 1-6 region was divided into three parts and every two zinc finger domains were investigated separately. Consequently, only two zinc finger domains, zinc finger 5-6, bound strongly to the probe. Although the zinc finger 1-2 and 3-4 domains demonstrated no clear, detectable binding, the zinc finger 1-3 and 1-4 domains bound strongly to the probe. Although the amino acid arrangements differ from each other, both zinc finger 1-3 and 5-6 domains showed specific binding for the same oligonucleotide containing five continuous C residues. The data revealed functional redundancy between the zinc finger 1-3 and 5-6 domains and suggested that ZNF219 recognizes two copies of the same core DNA sequence, CCCCC.
The importance of the flanking sequences around the five continuous C residues is not clear from the result of the random oligonucleotide selection. Accordingly, we decided to investigate the single residues which flank the five continuous C residues by EMSA. For the zinc finger 1-4 and 5-6 domains, which showed binding for the five continuous C residues, EMSA was performed using probe containing different variations in the residues which flank the five continuous C residues (Fig. 2E) . It was found that both domains bound to all the oligonucleotides containing the five continuous C residues, and binding strength was highest when the residue on the right of the five continuous C residues is an A residue. This data suggested that the ZNF219 protein shows weak recognition of this A residue. Although the A residue was not part of the core binding sequence, it appears that this A residue is also involved in ZNF219 binding. Moreover, this experiment showed that two of the domains, zinc finger 5-6 and zinc finger 1-4 (1-3) also exhibit functional redundancy regarding the bases which flank the DNA binding core sequence.
Functional redundancy for DNA binding has also been observed for several other zinc finger proteins. The PRDII-BF1 protein has two zinc finger motifs and each domain binds to the same DNA sequence.
14 The MZF1 protein has 13 zinc finger motifs and the 1-4 and 5-13 zinc finger domains bind to the same DNA sequence.
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Two explanations can be considered regarding the functional redundancy for DNA binding. The first is an increase in selectivity of the target gene promoter. The second is the flexibility of the DNA binding strength depending on the organization of the target gene promoter. The DNA binding strength is thought to change depending on factors such as the number of CCCCC sequences and the distance between these sequences.
In vitro translated ZNF219 also binds to CCCCC
To investigate whether or not the proteins expressed in vivo and in E. coli show different characteristics, we decided to also try the in vitro wheat germ expression system to mimic the in vivo conditions as much as possible. The PROTEIOS cell-free protein synthesis kit (TOYOBO) was used for the wheat germ cell-free translation as described in the Materials and Methods. The full-length ZNF219 protein was purified using both the His-tag and the GST-tag using the same methods described for purification in E. coli. The presence of the synthesized protein was confirmed by SDS-polyacrylamide gel electrophoresis (data not shown). We then checked whether the protein showed specific binding to the five continuous C residues by EMSA. We found that ZNF219 was not able to bind to four continuous C residues, but when we used the oligonucleotide containing five continuous C residues the 
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shift band appeared in the same position as the protein expressed in E. coli (data not shown). This result suggests that the protein structure of ZNF219 expressed in E. coli is in the same state as that of ZNF219 translated in vivo in terms of its DNA binding specificity.
Human proteins with partial similarity to ZNF219
also bind to the same core DNA sequence, CCCCC The peptide sequences of the zinc finger motifs of ZNF219 share a significant degree of homology with KIAA0390 (GeneBank Accession No. AB002388) 2 and KIAA0222 (GeneBank Accession No. D86975). The biological function of the two proteins remains unknown. Both proteins encode 10 sets of Kruppel-related zinc finger motifs. Although a zinc finger domain corresponding to the seventh zinc finger domain of these two proteins is absent in ZNF219, every zinc finger motif of ZNF219 exhibited high homology with these two proteins. The 5-6 zinc finger domains share the greatest homology. These domains are the regions whose DNA binding consensus was identified in the ZNF219 protein. Therefore, the KIAA0390 and KIAA0222 proteins are also expected to recognize the same core DNA sequence, CCCCC. The domains containing zinc fingers 1-6 of these two homologous proteins were expressed in E. coli and purified using the His-tag and GST-tag in the same manner as ZNF219. When EMSA was performed, both proteins exhibited specific binding for the oligonucleotide containing five continuous C residues (data not shown). This finding is interesting because it suggests the possibility of transcriptional control by competition among these three proteins if they were simultaneously expressed in a cell.
Database search for potential ZNF219 target genes
On the basis of the DNA binding core sequence of the ZNF219 protein, we searched for putative target promoters of ZNF219 in the Eukaryotic Promoter Database (EPD). 16 The CCCCC core sequence representing the potential ZNF219 binding site was found in a large number of promoter sequences. As described above, it was suggested that ZNF219 also recognizes two copies of the same core DNA sequence, CCCCC. Therefore, we searched the putative target promoter using the sequence CCCCC (N) 0-7 CCCCC, in which an appropriate space was inserted between two copies of five continuous C residues. We also selected putative target promoters in which many five continuous C residue motifs exist.
Among the selected promoters, the HMGN1 (High mobility group nucleosomal binding protein 1) promoter contains many potential ZNF219 binding sites near the transcription initiation site (Fig. 3A) . When EMSA was performed using three different DNA fragments containing potential ZNF219 binding sites near the transcription initiation site as a probe, the binding of ZNF219 was observed in all three cases (Fig. 3B) . The binding in- tensity was especially strong with fragment A. The reason for this may have been due to the presence of two copies of five continuous C residues and possibly also to the presence of an A residue to the right of the sixth continuous C. Therefore, to examine the transcriptional regulatory function of ZNF219, we focused our attention on the HMGN1 promoter and investigated the effect of ZNF219 on this promoter. The HMGN1 promoter region (−346 to +101) was amplified by PCR using human genomic DNA as a template and cloned into the luciferase reporter vector, pGLB3 (Promega). of the HMGN1 promoter. Structural analysis was also performed on the various truncated ZNF219 proteins to determine which domain is involved in the transcriptional control mechanism. The truncated ZNF219 protein must be transferred into the nucleus. Therefore, we tried to identify where the nuclear localization signal (NLS) 17 exists in the ZNF219 peptide sequence. Use of the PSORT II program 18 revealed that the ZNF219 protein contains three putative NLSs (Fig. 4) . To investigate which putative NLS is actually functional in the cells, the truncated ZNF219 proteins fused in-frame to GFP were expressed in COS-7 cells, and the cellular localization of the fusion products was monitored by fluorescence microscopy.
Identification of the nuclear localization signal of the ZNF219 protein
We found that ZNF219 contains at least two independent nuclear localization signals within the 1-354 a.a. and 355-722 a.a. regions (Fig. 4) . Although no putative NLS was found within the 1-272 a.a. region, the fusion protein 1-272-GFP was localized in the nucleus. Recently, zinc finger domains of the other Kruppel-like zinc finger proteins, such as GKLF, 19 UKLF 20 and EKLF, 21 have been revealed to function as strong NLSs. The tertiary structures and the basic residues of all three zinc finger domains of EKLF were reported to be necessary for nuclear localization. 21 Therefore, our results suggested that, of the several continuous zinc finger domains, the zinc finger 1-4 domain of ZNF219 was itself able to function as an NLS. Although fusion protein 273-332-GFP was localized in the nucleus, fusion protein 273-303-GFP, which contains only the 5th zinc finger domain, was not localized in the nucleus in spite of still having one putative NLS. Although fusion protein 355-722-GFP was localized in the nucleus, neither 355-517-GFP nor 518-722-GFP were localized in the nucleus. These results reveal that the three putative NLS sequences do not play a critical role in nuclear localization and suggest that the several continuous zinc finger domains can adopt this role. To establish a more detailed mechanism, further truncation or mutagenesis experiments are needed.
Plasmid construction and confirmation of ZNF219 expression in eukaryotic cells
We investigated how the transcriptional activity of the HMGN1 promoter would change when ZNF219 was expressed transiently in 293 cells. However, if a change in the transcriptional activity is observed, it will be necessary to confirm whether the ZNF219 protein acted directly on the promoter. Therefore, in order to check the direct effect of ZNF219 against the promoter, ZNF219 fused with the GAL4 DNA-binding protein (GAL4DBD) was also expressed in the cells, while the GAL4 DNA-binding site was inserted upstream of the HMGN1 promoter (which was cloned into the pGLB3 vector as described in the Materials and Methods). When these two vectors were co-transfected into the cells, the GAL4DBD-ZNF219 fusion protein was expected to have a greater effect on HMGN1 promoter activity compared to ZNF219 alone.
Structural analysis of the truncated versions of ZNF219 was also performed. The ZNF219 protein contains an especially proline-rich domain (226-272 a.a.; proline content, 49%) which was expected to be responsible for the transcriptional activation or repression. Therefore, we divided ZNF219 into several portions, some including this proline-rich domain and some not, and investigated the effect of these portions on HMGN1 promoter activity. The design of all the expression vectors is shown in Fig. 5A . The FLAG epitope-tag was added to the N-terminus of all the proteins and was used to confirm their relative expression levels following transcription by immunoblotting (Fig. 5C ). Transfected whole-cell extracts were subjected to immunoblotting with a monoclonal antibody which recognizes the FLAG-tag as described in Materials and Methods.
Function of the ZNF219 protein as a transcriptional repressor and mapping of the repressor domain
The results of the luciferase assay are summarized in Fig. 5B . Full-length ZNF219 (wt) repressed HMGN1 promoter activity by about 70% as compared with GAL4 proteins alone (G). Moreover, the GAL4DBD-ZNF219 fusion protein (Gwt) repressed promoter activity by about 90% as compared with the control (G). This data demonstrates that targeting ZNF219 to the promoter region through a heterologous DNA-binding domain enhances its ability to repress transcription.
Furthermore, the truncated ZNF219 constructs studied suggest that the proline-rich domain (226-272 a.a.; proline content, 49%) showed repression activity (wt versus HPN, Gwt versus GH1, and GH3 versus GH4). The GAL4DBD ZNF219 fusion protein GH2 (154-334 a.a.) , which contains the proline-rich domain, repressed promoter activity by about 70% compared to the control (G). However, the proline-rich domain was not critical for the repression of promoter activity. The ZNF219 product lacking the proline-rich domain (HPN and GH1) still retained remarkable repression activity as compared with the control (G). The proline-rich domain alone was not sufficient for repression and all domains of ZNF219 containing DNA-binding motifs are required for maximal repressor function (GH2 and GH3 versus Gwt).
Proline-rich sequences appear in both the activation and repression motifs of many transcription factors. In several transcription factors including Oct-2 and CTF-1, proline-rich sequences play a critical role in activating RNA polymerase.
9,10 However, proline-rich sequences are also characteristic of several repression motifs.
11 The even-skipped (eve) protein contains both an alanine-rich region and a proline-rich region. Both regions are necessary for full repression activity. 12 In Wilms' tumor protein (WT1), mutations within the proline-rich region and outside of the minimal repression region were shown to Function Analysis of ZNF219 [Vol. 10, affect the repression activity.
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In general, the mechanisms of transcriptional repression are less understood than those of activation. The mechanisms of the transcriptional repressor can be split into three categories. The first is the mechanism by which the repressor interacts with the basic transcription factor or transcriptional activation factor directly or indirectly through the repressor domain, and reduces the activity. The second is the mechanism by which the repressor recruits a chromatin-modulating factor such as histone deacetylase (HDAC) directly or indirectly and represses promoter activity. The third is the mechanism by which the repressor interferes with the binding of the transcriptional activator, such as with the Sp1 family, 22 by competing for the same binding site. Sp1 family members are known to bind to G-rich sequences (DNA binding consensus; GGGCGG), and several putative Sp1-binding sites were found in the HMGN1 promoter. Therefore, ZNF219 may repress the HMGN1 promoter by the third mechanism described above. Further analysis is required to investigate which of the repression mechanisms is employed by ZNF219.
Since only about 1600 human promoter sequences are registered in the promoter database, a large-scale search for target genes of ZNF219 within the human genome is difficult at present. Many unknown target genes of ZNF219 are expected to exist in the human genome. The HMGN1 promoter, which appears to be repressed by ZNF219, is the only example we found. ZNF219 is fundamentally expressed in many kinds of tissues as a housekeeping gene, and its many target genes are also thought to be housekeeping genes because the majority of the housekeeping genes have a high GC content in their promoter regions 26 and the DNA-binding consensus sequence of ZNF219 is GC-rich. Therefore, it is thought that ZNF219 controls basic transcription in various genes which are indispensable to cell function.
In conclusion, we have identified a consensus binding site for the ZNF219 protein. Although it was known that several other zinc finger proteins such as Sp1,
22
Zif268/Egr1, 27 PLAG1, 28 and WT1 29 recognized G-rich sequences, a transcription factor which binds to a DNA core consensus of five continuous C residues has never been found in the transcription factor data base. Structural analysis suggested that ZNF219 recognizes two copies of the same core DNA sequence, CCCCC(A). Furthermore, we have revealed that the ZNF219 protein is a transcriptional repressor that downregulates transcription of the HMGN1 promoter. These new insights are useful for our understanding of DNA recognition sites for transcriptional regulators, the structural analysis of the other Kruppel-like transcription factor families and research into the promoter structure of other genes.
